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Magainin 2 and tachyplesin I (T—-SS) are membrane—permeabilizing antimicrobial peptides discovered in frog skin
and horseshoe crab hemolymph, respectively. They are classified into different secondary structural classes, i.e., a-helix
and cyclic B-sheet, respectively. We found that FSW-magainin 2 (MG2) and T-SS showed marked synergistic effects
against gram—negative and —positive bacteria without enhancing hemolytic activity as a measure of toxicity. The results
of dye-release experiments using liposomes suggested that the selective synergism is mainly due to anionic phospholipid—
specific synergism in membrane permeabilization. Furthermore, the cyclic structure of T—SS was found to be necessary
for synergism because a linear analogue of T-SS did not show good synergism with MG2. These novel observations sug-
gest the possibility of development of cocktail therapeutic regimens using combinations of antimicrobial peptides.
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W, BEEZS T 2 0T EREIER OB R
TE5., INETIIEYE EEEXRTF RED
BRI D W TIEZBHE N D 573, 2223 JLE Mt
RTF REITEREF L nsn, REMIEL T
magainin 2 & PGLa f#]?® & % \ |3 dermaseptin 7
72— OHEHRENET S5ND. WTNd
F—APHKEOBEESRI L a N v 7 AEEE &
HZXRTF REOMHEMRTHD, ZOEYFENEE
HBEZDHEHREN, LrL, INs0fAEDE
T, HiEEEET TR<HBEBEFLTLESZ
ENMEINTHBD, BROHZSZ 5 ETRE#ER
Mz 52 5.
EFSIIRLLAEMEHRRETLNDEED Rz
Vi@ X7 F K, F5SW-magainin 2 (MG2) (7
TURY AT TIVEE, a7 2REE) 6720 &
T-SS (17 b=k, I|RK B — bEE) 2
B OBN W MIETEIE < M A 72 £ EHRENE
IZBNWTOHAERMITE WHERREZRITSH I &
R RET TRAL .2 REFHTIEZ OkE
IZDNW TR T 5.

2. JEUEME
TILEMEE L TRRBEZ, 77 LEHEE
U CIIEREET RUBREZ AW, PiEEEIcHIT5
MR EZFML~ (Table 1). £, £xDOXTS
F REJ HE5WEIMDOXTF REHAEOEE
HOR/NEEMIEEE (MIC) THEEMZRL,
FHIESD R OFEE L fractional inhibitory concentra-
tion (FIC) index Z W T kL /=. FIC index 0.5
TCTHEDRND D E—RITHFMIND, 20 £7
#a2DONRTF REMO MIC Z23fiL, KIT—HD
RTF ENZEDMIC D) 1/10 —ERETHEEFL
5B EOMGDOXRTF RO MIC 25t L, FIC in-
dex 2R/, Lo T1D20AEbEIZDE2E
Y @ FIC index # Table 1 IZx L THh D. #iH,
MG2 & T-SS DA G HLETIZY 7 LEEE, 7
T LBBMEE, WAL THRWHERZRL
(FIC index~0.3). & 512 T-SS O EH#HIRFH E (K
(T-Acm, Fig. 1)31-3%2 T-SS Db DITHW? &
A, HEMHRIRSNBNo/7Z. o T, MG2
EOMFEDNREFEICIBNT, T-SSOYZI T 1 K
FEEICE D TRIENTZERREENEETH S I &N
NI NIz

Table 1. Antimicrobial Activities of Peptides Alone or in
Combination with Other Peptides

MIC (uM)®
Bacteria “ inlji{cib)
Alone® Combination
MG2 MG2+T-SS
E. coli 20 1.25+0.1 0.26
S. epidermidis 40 1.25+0.1 0.23
T-SS T-SS+MG2
E. coli 0.5 0.125+2 0.35
S. epidermidis 0.5 0.125+4 0.35
MG2 MG2+ T-Acm
E. coli 20 10+0.2 0.6
S. epidermidis 40 20+0.1 0.55
T-Acm T-Acm +MG2
E. coli 2 1+2 0.6
S. epidermidis 2 1+4 0.6

@) Minimal inhibitory concentration (MIC) against E. coli ATCC25922
and S. epidermidis ATCC12228. b) The fractional inhibitory concentra-
tion (FIC) index was calculated as follows: FIC index =[A]/MIC, +[B]
/MICg, where MIC, and MICy are the MICs of peptides A and B alone,
respectively, and [A] and [B] are the MICs of peptides A and B in combi-
nation, respectively. ¢) MIC values were determined by serial two-fold di-
lutions of peptides. Therefore MIC values within two-fold were within ex-
perimental errors. We predetermined the MIC value of each peptide alone.
Combination experiments were then carried out and, in parallel, the MIC
of each peptide alone was redetermined as a control. The redetermined
MIC values of each peptide alone are shown. (Modified from Table 1 of
[28] with kind permission of American Chemical Society).

MG2: GIGKWLHSAKKFGKAFVGEIMNS

KWCFRVCYR
T-SS: I
NH,-RCRRYCIG
T-Acm: KWCFRVCYRGICYRR(I)R-NH 2

Acm Acm Acm Acm

PGLa: GMASKAGAIAGKIAKVALKAL-NH,,

Fig. 1. Amino Acid Sequences of the Peptides Used in This
Study

3. MRETETIL (BE) CEESEE) (CkT
DHEN 7 —RERR R

RICHENRBEIEO AN AL ZRFTZ720
2, MIEEET V2R, BNY 7 —HeREE R I
BT LHEMROFEZBRE L7z, MG2 & T-SS
DTN RENREETESIIERTF & U TAH
5NTHO, AERZR S MEMEBED/NY 7 —
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Fig. 2. Membrane Permeabilization Activity against Negatively Charged LUVs

The peptides were added to calcein—loaded LUVs composed of PG/PC (1/1) . The dye release was fluorometrically detected as a function of time at 30°C. (A)
Trace 1: 0.575 uM MG2, Trace 2: 0.275 uM T-SS, Trace 3: a mixture of 0.575 uM MG2 and 0.275 uM T-SS, Trace 4: the arithmetic sum of traces 1 and 2. [Lipid]
=242 uM. (B) Trace 1: 0.13 uM MG2, Trace 2: 2.5 uM T-Acm, Trace 3: a mixture of 0.13 uM MG2 and 2.5 uM T-Acm, Trace 4: the arithmetic sum of traces 1
and 2. [Lipid] =32 uM. (Reprinted with kind permission from [28]. Copyright 2001 American Chemical Society) .

REZET 2 Z L THIWEEZRET S EEZEA 5N
TWD, 26347360 g ) D EENRMIMICE L L 2ME
MifagEE L &L TCiE, B VIEERRA T 7 7Y
W7 Uto—)b (PG) EMAF MU IEER X
Ty FPIIaU > (PC) ETHRENLYRY —
. (large unilamellar vesicles, LUVs) Z MWy, 2D
DRTF ROIREGFRMEZEHRLZICEZT, URY—LA
WZKFRICNES U 7= #OE R )L 1 > Ot 2 3E il
L7z, PGEABIIMEMBEEDO R NWETILTH
0, PIEEXRTF EOERANZ A LZBFT 20
(: J: < )EH [ 6 m"c [ 7& 6—8,13,15,17,32—34,36—41) MG2 &
T-SS Z#lA G LR =5 E D REN KSR % Fig.
AR L. RIEEO MG2 & T-SS I3t D W
HEZIFEAEEREZ IV (trace 1 £2), Z
NoE2RE LSS (trace 3) Tl trace 1 & trace
2 QEAGF (trace 4) b U TIHEMIIRES EH
U7z, Lo TENY Y —feEERICB W TR
FENRNDH D ENDMNo . —F, MG2/T-Acm
DlAGHLEDYE (Fig. 2B), MEFZREA LY
A DOIEMIT (trace 3), &% & B D&M O H i1
(trace 4) Z FEI>7=. KXo TIOHEAE, AL T
HHFEDRIIESNT, DLABAWOEEEZET
HETLZENDN> . BEOHAGDOREIZBT
% ZDFERIT, 2 DDORTF RONFEEITMALITE <
EIRELESHICTFEHINSHER, DEDBHEVD
EBEMRALORIFEICKVEANDREEGEZHELHD &
W RERIC T 5.

Figures 2A, 2B IZ/8 S 11726 RII PTG IC BT
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Fig. 3. Comparison of the Leakage of FITC—-Dextran from
Negatively Charged LUVs with That of Calcein

The peptides were incubated with FITC-dextran—loaded LUVs (closed
bar) or calcein-loaded LUVs (hatched bar) composed of PG and PC (1/1)
for 5 min at 30°C. The dye leakage was fluorometrically detected and the per-
cent leakage values were shown by bars: left bars: a mixture of 0.75 uM MG2
and 0.75 uM T-SS, central bars: 0.75 uM MG2, right bars: 0.75 uM T-SS.
[Lipid] =200 uM.

HREREIIELTHBY, Ko THIEICHT 24
RN RFEIED A ) = X LA e M s 1 1 33
BB RICEEL TS Z EARBINT-.
IHIL, RTFRICE D THERINDEEED K
EIEFMT B0, kA (MW. 623)
KODBEATFEROINFLEA AV TFF T F—
~ (FITC) fE#TF A N> (M.W. 4400) D
HEHEL, ka1 > 0BE & EL /- (Fig. 3).
MG2 & % WIiE T-SS ZHMTHWESREG, Lt
A NHLEERBTA5MHETTH FITCTFX b
FREFBEAEREBLURN D2, WMEZHHATS
EIEA D ET TR FITCTFF 2 T > bR
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THEIITRD, KDKRERFEFEENFIEEIIN
BEDITRD T ENREINT-.
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PEMEXTF R20HT 5 2 & THREERICBW
THRWHESRENMESNZELTH, HEETLER
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MIC (Table 1) @ 100 {52 BT 2 A i =
BB OIEEE L THWY, Fig. 41ITRLE. £
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Fig. 4. Hemolytic Activities as a Measure of Toxicity

SHENTH 5.

H# D012, MG2/PGLa XY Th [RIEEICIEE
¥ %z # MM L 7~ (Fig. 4B). MG2 & PGLa [z DW©
TE1: 1 OBIVILTES THEEEZ B LU AHER)
HAERMET DI ENMARRIIBVTHEINTY
%23 MG2 B, PGLa Bifft, 1: 1 REAHFD
MIC IZKIGEEICX LT 20, 5, 2.5uM THV, X
> T FIC index=0.31, FEMH7 RIEREICHL T
20-40, 2.5, 1.25uM T FIC index=0.28 T& >
7=. & o T FIC index {3 MG2/T-SS X7 & [[%Z% T
H5. L,mL, MG2/PGLa X7 MIC @ 100 %
RERETTBWTHEWAMEEZ/RL (Fig. 4B,
black bar), MG2 Z B TH WA (Fig. 4A,
striped bar) & Mg U TIHEREBICEEIIR 5N
Moz, ZHUX, EEAIFICEENS &4 BHOIE
% (Fig. 4B, hatched and white bars) DRI E D
e TH S 7k 512, MG2/PGLa X7 MR I iE
PEIZBNWTHHRNWHERZRTZOTH 5.

5. FRMEKEETIL (WA A8 EEE) ([
KTBENY 7 —RebE AN

Tl37e¥ MG2 & T-SS IZPiEEEICB VLT O A
HHENRZRTOTHA D). MEMAEE & IR ek
JEEDREZFEND 1 DIX, Il MR Y £ 5 i 2
WOBEEY D EEZE2FEICEAL TVWS0ITH
U, JRMERIEA T B AN HE DA F %)
CIEETEHEEBDODN TVWSHTHD. D FI T,
Fig. 2 DEetEV Y IREE AR O GG L FEkIC, WA
F ) HEE PC THERL S Nz U RY — L Z N
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Peptides were incubated with 1% (v/v, final concentration) erythrocyte suspension for 1h at 37°C. Percent hemolysis was determined by measuring the absorb-
ance of the supernatant after centrifugation. (A) Percent hemolysis values at 100 X MICs are shown by bars. Striped: 4000 uM MG?2, cross—hatched: 50 uM T-SS,
closed: a mixture of 12.5 uM T-SS and 400 uM MG2. The values of individual peptides alone in the mixture are also shown by bars. Hatched: 12.5 uM T-SS, open:
400 uM MG2. (B) The percent hemolysis value of 125 uM (=100XMIC) 1:1 mixture of PGLa and MG?2 is shown by the closed bar. The values of individual pep-
tides alone in the mixture are also shown by bars. Hatched: 62.5 uM PGLa, open: 62.5 uM MG2. (Reprinted with kind permission from [28]. Copyright 2001

American Chemical Society) .
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Fig. 5. Membrane Permeabilization Activity against PC LUVs

BRI IAHEZN R DS, Bt D IBEEARKICHBIT 2
FENY Y —BEREEME A SBIE L TWD 2 EAURE S
Nz, 51T MG2 & T-SS 2y > igE (PG)
DBHEBETOAENY Y —REMIEMER I BT 2 HER)
REREL 2O BEM WS BB ZHSNITL T
W< 72®icid, PCHE (GRiuEkiE) & PG &AM
G AR RE) 12 2N 7 —RERE A H = X
LIS TH 20 &2t T 208N H 5. MG2,
PGLa & T-SS O S IRE S A BRIZBIT 5N
U7 —RERRIEA N Z XL DN T K SHEINT
nw5, 6,7,32,33,36—39,40,41,49) NM[G2 Jfg PGLa 1 PG ﬁﬁﬂﬁ
HIZPBWTIRHL2BERESZRES (BERE23
nm) O—#EOXRTF R-FEHET FEAERRY %2
R L, BENY Y —#E & REEIE PR D RIREE & %
BZTEZEZLHNTND (Fig. 6). T-SS bFEIE
SHMEDIHEIIHE I N TVRENHDD, D A
NZZXLEHEINTNS, —F, BRANTHHED

% Leakage (apparent)

Time (min)

The release of calcein was fluorometrically detected at 30°C. [Lipid] =4.5 uM. (A) Trace 1: 1 uM MG2, Trace 2: 1 uM T-SS, Trace 3: a mixture of 1 uM MG2
and 1 uM T-SS, Trace 4: the arithmetic sum of traces 1 and 2. (B) Trace 1: 1 uM MG2, Trace 2: 1 uM PGLa, Trace 3: a mixture of 1 uM MG2 and 1 uM PGLa,
Trace 4: the arithmetic sum of traces 1 and 2. (Reprinted with kind permission from [28]. Copyright 2001 American Chemical Society) .
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Fig. 6. A Model for Magainin 2-Lipid Bilayer Interactions®?

C

R0 3 S
& 68 &

(A) The peptide forms an amphipathic helix in lipid bilayers, which essentially lies parallel to the membrane surface.3” (B) Five helices on average together
with several surrounding lipids form a membrane—spanning pore comprising a dynamic, peptide-lipid supramolecular complex, which allows not only ion transport
but also rapid flip—flop of membrane lipids.3® (C) Upon disintegration of the pore, a fraction of the peptide molecules is stochastically translocated into the inner
leaflet.4049 (Adapted with kind permission from Fig. 1 of [15]. Copyright 1997 American Chemical Society) .
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Antimicrobial activity + + +
Hemolytic activity — +
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(larger membrane defects)
Zwitter ionic membrane
permeabilization — +

v

Toward cocktail therapy

Fig. 7. Synergism in Various Systems

PC [ TD MG2 OIENY 7 —HERIE A T = X A
DFMICDONWTIIEEMENEATHE ST, RES
EREZIORTY 2T D TIE < J5E 50 T
DOHEEZEELT ZEICE DTN ERBT D
HHHDH,9 FELWANZ X LRSS % OBE
Thb.

6. &b Y (C—HMEZIRERIR—

A IRRICBITHHEZROK R Z Fig. 71TF
ED. RFEICE ST, HERBBED < HERS
MG2 & T-SS &2%, RIMIEHEIZHB W TITHER R
BRIT, MEERNICHEDREZRET 22 &0
HuwHixn/z. LT, MG2/PGLa X7 Nl 7~
TR IRMERIZH L THmWHEFESREE/RLTL
O E LT D E, MG2/T-SS RY 13X D%
2HOEVWVHAEDOE THDHEEAD. £/, T-
SS @b DITE DEHFIRF LR T-Acm 2 N2
EAHBEIRMNEELZZENS, MG2 & DHEL)
RIHIEICBNT T-SS ORRBENEETHD I &
DURBI N e, ME, Rk, &x0ETFIV
i 2 BTN U 7 — RERSEAE ) &2 ARt L 7= 46 R
3, AVEEORELEELS K LEL. Lo,
MG2/T-SS X7 T A6 N 7= M HE IR 72 AH T2
7S, BetED CIRE S ERICBI BN 7 —RER
TEFEREE L THBY, F£2ZT0OK, X0 KES/MERE
EMERINDIDICRDZ I ENRBIN.

MG2 & T-SS 1T & 2 flll IR 72 tH D R B4 D
PRI A = X AR D W TIZ S B O R 72
N5, ZTOMG2/T-SS X7 DX DI MIEMETZ
NFE LR IETICHEEEOAM LSE5, 35
ICHP BT F ROAabEEBERL, £
BRI A 7R AH 3 20 SR FE R D FE 7 A T3 = X I 7 fiR
LTW ZET, HIEEXRTF RERHWEAZ TV
BIERFIC O s a5,

HEE AT IR AR B AR R
WY TITONZ DD TH D, KT ERT
T HITY T DRI TETE SR 2 O X U 5K
FRZEGEMBFAUITIR AR EBh B IR
UET. XARGHBSEEEZH0 XL kE
THIEHBLET. kA BIHhznkiZnk
LR E OERRICE<HELHA L B £T.
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